Abstract. The effect of temperature on weldline properties of injection moulded acrylonitrile butadiene styrene (ABS) reinforced with short glass fibres was investigated in tension between 25 and 100°C. Tensile modulus of both weld and unweld specimens increased linearly with increasing fibre concentration and decreased linearly with increasing temperature. It was found that the presence of weldline had no significant effect upon tensile modulus and this was reflected by weldline integrity factors in the range 0.98 to 0.95. Tensile strength of both weld and unweld tensile specimens increased nonlinearly with increasing fibre concentration and in the case of weldline specimens showed a maximum at fibre concentration of approximately 10% v/v. A linear dependence with respect to volume fraction of fibres was found for specimens without weldline for fibre concentrations in the range 0-10% v/v. The weldline integrity factor for tensile strength decreased significantly with increasing fibre concentration and increased with increasing temperature. The effect of temperature on tensile modulus and strength was satisfactorily modelled using the Kitagawa power law relationship. Vol.1, No.10 (2007) [688][689][690][691][692][693][694][695][696][697] Available online at www.expresspolymlett.com DOI: 10.3144/expresspolymlett.2007.94 being used. For example, whilst addition of spherical shaped fillers (e.g. glass spheres) has shown to have little effect upon tensile strength of injection moulded thermoplastics with weldlines, addition of cylindrical shaped fillers (e.g. short fibres) has led to a considerable reduction in weldline strength due to the alignment of the fibres parallel to the weldline. The processing conditions such as melt temperature, injection speed and mould temperature could also play an important role in determining the integrity of the welded components and many studies have addressed this issue for both amorphous and semi-crystalline polymers (e.g.: [10, 11, 14] )]. However, whilst the majority of weldline studies have been conducted at room temperature, very few have examined the integrity of weldlines at elevated temperatures, particularly in short fibre composite systems [3] [4] [5] . To this end, the present work was undertaken to examine the effect of temperature on tensile properties of ABS and its short glass fibre composites in the presence of weldline.
Introduction
It is well established that the mechanical properties of short fibre polymer composites such as strength and modulus are derived from a combination of the fibre and matrix properties and the ability to transfer stresses across the interface between the two constituents. These properties, however, are affected by a number of parameters, such as the fibre content, fibre length, fibre orientation and the degree of interfacial adhesion between the fibre and the matrix (e.g.: [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ). However, as most short fibre composites are fabricated by an injection moulding process, the presence of weldlines is a major design concern as weldlines could lead to a considerable reduction in mechanical properties and because of this designers often need to incorporate liberal safety factors in design analysis to compensate for this weakness. Weldlines are often observed in injection moulded components due to multigate moulding, existence of pins, inserts, variable wall thickness and jetting and are classified as either being cold or hot. The cold weldlines are formed when two melt fronts meet head on and this type of weld provides the worst-case scenario as far as mechanical properties are concerned. A serious reduction in tensile strength and modulus has been reported for many polymers and their composites in the presence of cold weldlines (e.g.: [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ). In general, the presence of a weldline reduces tensile strength by up to 60% and tensile modulus by up to 40% depending on the polymer, the characteristic features of the reinforcing filler and the processing conditions being used. For example, whilst addition of spherical shaped fillers (e.g. glass spheres) has shown to have little effect upon tensile strength of injection moulded thermoplastics with weldlines, addition of cylindrical shaped fillers (e.g. short fibres) has led to a considerable reduction in weldline strength due to the alignment of the fibres parallel to the weldline. The processing conditions such as melt temperature, injection speed and mould temperature could also play an important role in determining the integrity of the welded components and many studies have addressed this issue for both amorphous and semi-crystalline polymers (e.g.: [10, 11, 14] )]. However, whilst the majority of weldline studies have been conducted at room temperature, very few have examined the integrity of weldlines at elevated temperatures, particularly in short fibre composite systems [3] [4] [5] . To this end, the present work was undertaken to examine the effect of temperature on tensile properties of ABS and its short glass fibre composites in the presence of weldline.
Experimental

Materials
Owens Corning chopped E-glass fibres of initial length and diameter of 4.0 mm and 10 μm, respectively was used as the reinforcing filler for Acrylonitrile Butadiene Styrene (ABS) copolymer received from BAYER. The ABS and the short glass fibres were compounded to produce a series of composites with nominal glass contents of 10, 20 and 30% w/w.
Compounding
ABS and the short glass fibres were at first dry blended to the desired glass contents of 10, 20 and 30% w/w. After drying in an oven at 80°C for 4 hours the melt compounding of ABS composites was carried out in a counter-rotating twin-screw extruder (Leistritz). The average screw speed was 60 rpm and the die diameter was 4 mm. The extrusion zone temperature ranged from 220-235°C. The extrudates emerging from the die exit were continuously cooled in a water bath and pelletised for injection moulding. Prior to injection moulding, pellets were dried in an oven at 80°C for 4 hours.
Specimen preparation
The pellets were injection moulded into dumbbell shaped tensile bars using a Negri Bossi NB60 injection-moulding machine using the processing conditions listed in Table 1 . The mould used consisted of a single and a double-feed cavity as shown in Figure 1 , each 1.7 mm in depth. In the latter a weldline was formed as the two opposing melt fronts met mid-way along the gauge length of the specimen. The dimensions of weldline free specimens (WFS) and weldline specimens (WLS) are depicted in Figure 2 .
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Measurement of fibre length and fibre concentration
Fibre concentration in each composite was determined from the fibre residue remained after ashing weighed samples cut from the gauge length of the moulded bars at 550°C. After cooling, the ash of fibrous material was weighed and the exact weight fraction of fibres (w f ) was determined. The w f values were subsequently converted into volume fractions (φ f ) using the Equation (1):
Taking the density of the matrix (ρ m ) as 1.12 kgm -3 and density of the fibre (ρ f ) as 2.54 kgm -3 gave fibre concentration values of 4.4, 9.5 and 15.5% v/v. It must be pointed out that the void content in moulded specimens was not measured in this study. The residue from the ash tests were subsequently spread on a glass slide and placed on the observation stage of a microscope. Magnified fibre images were transmitted to a large screen, and the fibre images were then automatically digitised by software with a computer. From the fibre length distributions, the average fibre length values (L f ) of 110, 94 and 83 μm were obtained for 4.4, 9.5 and 15.5% v/v composites, respectively. Results show decrease in L f with increasing φ f thus indicating that the average length of the fibre in the moulded specimens was affected by the concentration level of the fibres. The increased damage to fibre length with increasing φ f was attributed to a greater degree of fibre-fibre interaction and increased in melt viscosity at higher fibre loadings. The latter give rise to higher bending forces on the fibres during compounding and moulding process causing the fibres to break, as noted here.
Mechanical testing
Dumbbell specimens with weldline (WLS) and without weldline (WFS) were tested in tension in an Instron testing machine using pneumatic clamps.
Tensile tests were performed at 25, 60 and 100°C at a constant crosshead displacement rate of 50 mm/min. For each composite at least six specimens with weldline and six without weldline were tested at a given temperature. The load-displacement curve for each specimen was recorded using a computer data logger from which tensile modulus and strength were calculated using the initial slope and the load at maximum, respectively. The modulus values reported in this study are based on the displacement of the crosshead.
Results and discussion
Tensile modulus
Effect of fibre concentration
The load-displacement curves obtained indicated that the tensile behaviour of ABS and its composites during the early stages is linearly elastic. Figure 3 shows that composite modulus (E c ) calculated using the initial slope of the load-displacement curves increases with increasing φ f . As illustrated in Figure 3 , variation of E c with φ f is extremely linear at all three temperatures. The linear dependence
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Hashemi -eXPRESS Polymer Letters Vol. 1, No.10 (2007) 688-697 between E c and φ f follows the modified 'rule-ofmixtures' given by Equation (2): (2) where E m is the modulus of the matrix and E f is the modulus of the fibre whose value in this study was taken as 76 GPa and temperature independent. The parameter η E is termed the overall fibre efficiency for composite modulus whose value depends on the length and the orientation of the fibres in the moulded specimens. The value of η E was determined from the slope of the line E c versus φ f in Figure 3 using Equation (2) . Values obtained are given in Table 2 where it can be seen that η E decreases with increasing temperature. The overall efficiency parameter η E is the product of two efficiency parameters; one associated with the orientation of the fibres (η 0 ) and the other with the shortness of the fibre (η L ). The parameter η L was evaluated using the Cox shear lag model [16] which gives η L by Equation (3):
where β is defined by Equation (4): (4) where d is the diameter of the fibres. If packing arrangement of fibres is assumed square, then λ can be obtained from Equation (5):
Values of η L obtained are given in Table 2 where it can be seen that whilst η L is not affected by the concentration of the fibres, it decreases with increasing temperature. Also given in the table are values of η 0 obtained from the ratio η E /η L . The η 0 values range between 0.663 and 0.681 which are in the same range as 0.67-0.72 reported for some polymer composite systems [2-4, 8, 9] . Using the Krenchel [17] definition of η 0 which is given by Equation (6) and assuming a perfect alignment of fibres (i. e. a n = 1), one obtains fibre orientation angle, θ of approximately 25 to 26° with respect to loading direction.
Effect of temperature
Temperature dependence of E c is shown in Figure 4 where it can be seen that in the present temperature range, E c decreases linearly with increasing temperature at a rate which is dependent upon the concentration of fibres in the composite. Evidently, as φ f increases so does the rate at which E c decreases with increasing temperature. The linear dependence between modulus and temperature can be expressed by Equation (7): (7) where E 0 and κ are constants whose values at a given temperature increased with increasing φ f .
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Effect of weldline
It was noted that the initial slope of the load-displacement curves was marginally affected by the weldline. As shown in Figure 5 , modulus of the weldline specimens (E cw ) like weld free specimens (E c ) increased linearly with increasing φ f . Using the slopes, η E values of 0.194, 0.168 and 0.137 were obtained at 25, 60 and 100°C, respectively. Comparing the η E values for the two specimen types it may be said that η E is not affected by the presence of the weldline. The modulus retention ratio or the weldline integrity parameter as it is commonly known (the ratio of the modulus of a specimen with a weldline to that of a specimen without a weldline) ranged between 0.98 and 0.95 and showed no systematic variation with respect to either temperature or fibre volume fraction of fibres. It has been shown [4] that the modulus of a specimen with weldline (E cw ) may be represented by the relationship given by Equation (8): (8) where E w is modulus of the material inside the weldline, E c modulus of the material outside the weldline and z is a dimensionless parameter whose value depends on the ratio L w /L 0 where L w is width of the weldline and L 0 is the length of the specimen. Previous studies [1] [2] [3] [4] using the same mould geometry indicated that whilst fibres inside the weldline region are predominantly aligned with their long axis parallel to the weldline (i. e. perpendicular to the mould-fill direction and the direction of the applied tensile stress), outside the weldline region they are predominantly aligned in the same direction as in the weldline free specimens. The off-axis alignment of fibres outside the weldline region and the transverse alignment of fibres inside the weldline region, implies that E c >>E w . Also, since the width of the weldline region, L w was typically less than 1 mm and therefore much smaller than the overall length of the specimen (L 0 ), the ratio z becomes very small and therefore the second term in denominator of Equation (8) becomes small compared to E w , thus indicating that E cw ≈ E c , i. e., weldline has little effect on tensile modulus as observed in this study.
As for the variation of E cw , with temperature, a linear trend as in Figure 5 was noted with no significant variation in the slopes due to weldline.
Tensile strength
Effect of fibre concentration
The effect of fibre volume fraction on tensile strength of weldline free specimens (WFS) is shown in Figure 6 . Evidently, in the absence of weldline, tensile strength increases with increasing fibre concentration with a tendency to level off or reaching a maximum on approaching fibre concentration value of approximately 16% v/v. The levelling off effect (or reaching a maximum) which is also noted in several other injection moulded glass reinforced polymer systems [3, 4, 8, 9] is mainly attributed to the separation distance between the fibres becoming sufficiently small so that the flow of the matrix material between fibres is severely restricted. This effect and the higher stress concentration in the matrix due to the greater number of fibre ends at high φ f , reduces the gain in strength which one would expect otherwise. The nonlinear relationship seen in Figure 6 between tensile strength, σ c and the fibre volume fraction, φ f can be described by a polynomial function given by Equation (9): (9) where a 0 , a 1 and a 2 are the curve fitting parameters whose values at the three test temperatures are given in Table 3 . However, as illustrated in Figure 7 , tensile strength for fibre concentration values in the range 0 to 10% v/v, can be reasonably assumed to increases linearly with φ f (regression coefficients are in the range 0.96 to 0.98). The simplest model that may be used to predict a linear dependence between σ c and φ f in short fibre composites is that of the 'modified rule-of-mixtures' which when rearranged can be expressed by Equation (10): (10) where σ f is the tensile strength of the fibre taken in this study as 2470 MPa, σ m is the tensile strength of the matrix and η σ is the overall fibre efficiency parameter for the composite strength taking into account the effects due to fibre length and orientation in the composite. Using Equation (10) and the slope of the lines in Figure 7 , η σ values were evaluated. It can be seen from Table 4 that η σ values are considerably smaller than η E and likewise decrease with increasing temperature. The overall efficiency parameter η σ like η E is the product of two efficiency parameters as given by Equation (11): (11) where η L is the fibre length and η 0 is the fibre orientation efficiency parameters for the composite strength. Using the η 0 values obtained via the modulus (see Table 2 ), values of η L for composite strength was evaluated as a function of temperature using Equation (11) . It can be seen from Table 4 that η L for composite strength like for composite modulus decreases with increasing temperature. Using the tabulated values of η L given in Table 4 and the average fibre lengths, the critical fibre lengths, L c was calculated for each composite as a function of temperature using the Kelly-Tyson relationship given by Equation (12) 
Results obtained from this analysis are presented in Table 5 where it can be seen that L c increases with temperature but decreases with increasing φ f mainly due to the reduction in L f with increasing φ f . It can be said that η σ is considerably smaller than η E simply because whilst η E depends on the average length of the fibres, η σ depends on both the average length as well as the critical fibre length which is lower.
Effect of temperature
The effect of temperature on the tensile strength of weldline free specimens is shown more explicitly in Figure 8 where it can be seen that it decreases with temperature in a linear manner. The effect of increasing φ f is simply an upward vertical shift in tensile strength-temperature curve. It is also evident that tensile strength decreases with increasing temperature at a faster rate as fibre concentration is increased. The effect of temperature on tensile strength may be expressed by Equation (13): (13) where values of σ 0 and λ are both dependent upon φ f .
Effect of weldline
Failure of the weldline specimens (WLS) was always at the weldline as shown in Figure 9 . Figure 10 shows the effect of weldline strength (σ cw ) as a function of fibre volume fraction, φ f at the three temperatures selected in this study. It can be seen that σ cw increases initially and reaches a maximum at fibre concentration value of approximately 10% v/v before decreasing. As illustrated in Fig-694 Hashemi -eXPRESS Polymer Letters Vol. 1, No.10 (2007) [688] [689] [690] [691] [692] [693] [694] [695] [696] [697] ( ) (14): (14) The values of a 0 , a 1 and a 2 can also be found in Table 3 . Using Equation (14) one can easily calculate weldline strength of the ABS composites for any fibre concentration value between 0 and 16% v/v. The effect of weldline on tensile strength was quantitatively expressed in terms of weldline integrity factor, F σ defined by Equation (15): (15) Figures 11 and 12 show the variations of F σ with φ f and temperature, respectively. It can be seen that F σ decreases with increasing φ f but increases with increasing temperature. The observed reduction in tensile strength in the presence of weldline is attributed mainly to the reduction in the fraction of fibres crossing the weldline region, particularly at high concentration values of glass fibres. As a result, the material within the weldline region acted as if it was not reinforced. It is also evident from Figure 12 that F σ increases with temperature in a linear manner. As reflected by slope of the lines, F σ for composites shows greater temperature dependence than for the matrix. It is interesting to note that slope of F σ -T lines for the three composites shows no significant variation with respect to φ f , meaning the rate at which F σ increases with temperature is not sensitive to φ f . It can be said, that the effect of φ f is merely a downward vertical shift in the F σ -T line.
Tensile strength and modulus
The effect of temperature on tensile strength and modulus was analysed further using the general form of the relationship between shear stress, τ and shear modulus, G as proposed by Kitagawa [19] . Kitagawa proposed a power law relation of the form given by Equation (16): (16) where τ 0 and G 0 are the values of shear stress and shear modulus at some reference temperature T 0 , respectively and n is a temperature independent exponent. The shear properties G and τ in Equation (16) were converted into tensile properties E and σ using Equation (17):
Substituting Equation (17) into Equation (16) and rearranging gives Equation (18):
According to Equation (18) log-log plot of (σ/T) versus (E/T) should produce a straight line with the Figures 13 and 14 show log-log plots according to Equation (18) for both unweld and weld data respectively for the range of φ f values studied in this work. It is found that weld and unweld data for the matrix and its composites follow Equation (18) remarkably well with regression coefficients of 0.996 or better. The values of n obtained from the slope of the lines are plotted in Figure 15 as a function of φ f where it can be seen that for the composite system studied here, exponent n deceases with increasing φ f for both weld and unweld specimens with unweld specimens exhibiting higher n particularly for the three composites.
Conclusions
The effect of temperature (between 25 and 100°C), fibre concentration (between 0 and 15.5% v/v) and weldline on tensile strength and modulus of ABS reinforced with short glass fibres was investigated. The following observations were made:
• Tensile modulus increased linearly with increasing φ f and decreased linearly with increasing temperature. The linear dependence between tensile modulus and φ f obeyed modified rule of mixtures.
• Presence of weldline had no significant effect on tensile modulus. Weldline integrity factor was in the range 0.98 to 0.95.
• Tensile strength of weldline free specimens increased with increasing φ f in a nonlinear manner but decreased with temperature in a linear manner. For fibre concentration values in the range 0-10% v/v, variation of tensile strength with φ f was reasonably linear and obeyed the modified rule of mixtures for strengths.
• Weldline strength increased with increasing φ f in a nonlinear manner reaching a maximum at fibre concentration of about 10% v/v. • Weldline factor for strength decreased with increasing φ f but increased linearly with increasing temperature.
• The fibre efficiency parameters for composite strength and modulus decreased with increasing temperature. The efficiency parameter for composite strength was greater than for composite modulus.
• The effect of temperature on tensile modulus and strength for both WFS and WLS was satisfactorily modelled using the Kitagawa power law relationship. The power law exponent was affected by the fibre concentration and its value for WFS was higher than for WLS.
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